ABSTRACT: Genomics, proteomics and metabolomics (the 'omic' technologies) have revolutionized the way we work and are able to think about working, and have opened up hitherto unimagined opportunities in all research fields. In marine ecology, while 'standard' molecular and genetic approaches are well known, the newer technologies are taking longer to make an impact. In this review we explore the potential and promise offered by genomics, genome technologies, expressed sequence tag (EST) collections, microarrays, proteomics and bar coding for modern marine ecology. Methods are succinctly presented with both benefits and limitations discussed. Through examples from the literature, we show how these tools can be used to answer fundamental ecological questions, e.g. 'what is the relationship between community structure and ecological function in ecosystems?'; 'how can a species and the phylogenetic relationship between taxa be identified?'; 'what are the factors responsible for the limits of the ecological niche?'; or 'what explains the variations in life-history patterns among species?' The impact of ecological ideas and concepts on genomic science is also discussed.
INTRODUCTION
Genome-based technologies are revolutionizing our understanding of biology at all levels, from genes to ecosystems. Genomics is the study of the genomes of various organisms in their entirety, while genetics tends to study genes individually or in linked groups, relating DNA sequences to proteins and ultimately to heritable traits (Van Straalen & Roelofs 2006) . The term 'genomics' appeared in the 1980s as the name of a new journal (McKusick & Ruddle 1987) , but the genomics revolution really began in 1990 with the Human Genome Project and since then, thanks to rapid developments in molecular biology technologies, genomicsbased discovery has grown exponentially. For example, the new sequencing system developed by Margulies et al. (2005) will be capable of sequencing 25 million bases in a 4 h-period -about 100 times faster than current state-of-the-art systems -with the same reliability and accuracy. The genomes of more than 300 organisms have been sequenced and analyzed since the publication of the first complete genome in 1995, and today a new organism is sequenced nearly every week (Rogers & Venter 2005 , Van Straalen & Roelofs 2006 . The current challenge is no longer to collect sequence information but rather to analyze the data. Genomic approaches combine molecular biology with computing sciences, statistics and management. The intellectual infrastructure in genomics must be extended into bioinformatics (data storage and data query), computational biology (more complex, often hypothesis-driven analyses that may require the development of new algorithms and tools), and information technologies to share software and data.
Molecular ecology is a relatively new field in which techniques such as Polymerase Chain Reaction (PCR) and genetic engineering (recombinant DNA technology) has had an increasing role in the integration of genetic data with historical or field observations (White 1996) . Through the study of single or small sub-sets of genes or small genomic regions (e.g. microsatellites), molecular ecology has been used to address classic questions in the areas of diversity, populations, and taxonomy. In contrast, the emerging field of ecological genomics is trying to answer larger ecological questions in areas such as nutrient cycling, population structure, life-history variations, trophic interactions, stress responses and ecological niches. Ecological genomics can be defined as 'the scientific discipline that studies the structure and functioning of a genome with the aim of understanding the relationship between the organism and its biotic and abiotic environments' (Van Straalen & Roelofs 2006) . This new field crosses and interacts extensively with other disciplines such as microbiology, physiology, genetics and evolutionary biology. Ecological genomics investigates different levels of integration from the lower (functional mechanisms: physiology, biochemistry, cell biology, neuroscience, developmental biology etc.) to higher (ecology, evolution). The inclusion of 'function' is critical because the goal is to understand what genes/ genomes and their variants do at higher levels of integration. Marine ecological genomics is, then, the application of genomic sciences to attempt to understand the structure and function of marine ecosystems. Genomics provides biological information that is unobtainable by any other means, for example the biological capacities of marine organisms that underlie the ecology of oceanic ecosystems (see 'Genome sequencing: applications'). Approaches can include (1) whole genome sequencing of key organisms (e.g. genome comparison for phylogeny), or (2) genomic analysis of natural communities to understand how biodiversity supports ecosystem function (e.g. genomic analysis of microbial communities in situ with the concept of 'genome ecology', the collective genome in a given environment, also conceived as 'metagenomics'). For example, these approaches can be used to investigate life-history patterns (population ecology) and stress responses (physiological ecology).
Marine ecological genomics is a good example of a 21st century science that requires the mixing of scientific disciplines, hitherto historically and traditionally separated. Forging the link between marine ecologists, molecular biologists and genomics/bioinformatics scientists, and finding a common language, is a huge social challenge. The need for marine ecological genomics to be interdisciplinary is brought about by a number of factors including (1) the requirement for the use of highly specialized technologies, (2) the necessity for the development of new tools in key areas such as statistics and computational sciences, and (3) the lack of adequate funding for large-scale genome science research, especially in individual laboratories. As a consequence, this field is not always fully amenable to the individual or individual research group, and it is often essential and more strategically viable to develop coordinated networks of collaborative interdisciplinary laboratories. Nevertheless, some techniques are more affordable than others. For example, expressed sequence tag (EST) libraries and microarrays limited to genes associated with a specific function, tissue or response pathway can be manufactured at relatively low costs for small research groups (Held et al. 2004) .
With the exception of microbial ecology, genomic studies have until recently only been performed on a rather limited number of classic model species such as Saccharomyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, Mus musculus or Arabidopsis thaliana. However, this is now changing and the number of new genomes is increasing (see www.ncbi.nlm.nih.gov, www.hgsc.bcm.tmc.edu/ projects, http://genome.jgi-psf.org). The choice of the ideal model species for genomics is based on many practical (established reputation, genome size, possibility of genetic manipulation etc.) and scientific criteria (medical, biotechnological, agricultural or ecological significance, evolutionary position, comparative purpose, laboratory expertise etc.; see Feder & Mitchell-Olds 2003) . This approach is not the tradition in ecology and there is a discrepancy between the available genomic models and ecologically interesting species. For example, D. melanogaster or A. thaliana are not sufficiently widespread in the environment and not very suitable for ecological studies. Moreover, no model is able to answer all questions. Consequently, the genomics revolution is the perfect time to move away from our fascination with model species, and the sequencing of the genomes of species such as Ciona intestinalis (http://ghost.zool.kyoto-u.ac.jp/ indexr1.html, http://genome.jgi-psf.org/Cioin2/Cioin2. home.html) or the sea urchin Strongylocentrotus purpuratus (Sea Urchin Genome Consortium 2006, see also http://sugp.caltech.edu) as well as the amphioxus Branchiostoma floridae and the anemone Nematostella (www.jgi.doe.gov/sequencing/DOEprojseqplans.html) is the first step in this direction.
The marine ecology community must be prepared for the genomic era. The aim of this review is thus to explain general principles of the main genomic technologies and their applications to marine ecology with examples from the literature (for a more exhaustive presentation of genomic methods, see Van Straalen & Roelofs 2006) . Genomic methods are succinctly presented with their strengths and limitations, and linked to marine ecological questions (Fig. 1) . Marine ecological genomics is a new discipline merging genomics and marine ecology leading to new questions independent of both fields. Genomics is more than a toolbox added to marine ecology; in the conclusion, therefore, some examples of feedback from ecology to genomics will be presented.
GENOME SEQUENCING

Method
Large-scale sequencing and first annotation is usually automated and based on the method initially developed by Sanger et al. (1977) and Smith et al. (1986) . Nowadays, whole-genome sequencing is usually contracted out to commercial sequencing centres or is organised in collaborative networks comprising many different laboratories, often funded by national or international consortia (Van Straalen & Roelofs 2006) . A complete description of methods and approaches is outside the scope of this article. For a list of websites and sequencing initiatives see 'Discussion'.
Applications
Environmental genome -microbial ecology One of the most fundamental questions in community ecology is: what is the relationship between ecosystem processes and biodiversity? In other words, 'what do species do in ecosystems?' (Lawton 1994) . In order to understand how biodiversity supports ecosystem function, it is necessary to estimate species diversity (richness, biomass, dominance structure, feeding groups) and functions (production, respiration, degradation of organic matter, nitrification etc.). This is particularly difficult in marine microbial communities where it is not always clear what constitutes a microbial species and it is only possible to characterize species that can be cultured. Here, genomics provides a solution to the problem by reconstructing diversity and functions from the environmental genome (partial or whole sequence from 'environmental samples', i.e. DNA extracted from a seawater sample). The DNA of all species in a microbial environment can be assembled and functions characterized without attempting to put them into culture or separate them according to species. For example, the genome of the anammox bacterium Kuenenia stuttgartiensis was recently deduced from the DNA sequenced from a whole microbial community (Strous et al. 2006 ). This will enable insight into the metabolism and evolution of this bacterium, which is responsible for removing up to 50% of fixed nitrogen from the ocean. Using similar approaches, it is also possible to compare two communities, detect functional genes indicative of key steps in cycles (nitrogen, sulphur etc.) or reconstruct functions without the need for culture (Van Straalen & Roelofs 2006) .
With an estimated 2 million species of bacteria in pelagic zones, a density of billions of cells per litre and a richness of 163 species per millilitre of ocean water (Curtis et al. 2002 , DeLong & Karl 2005 , microbes are major players in the structure and dynamics of marine ecosystems. It is of crucial importance to understand microbial roles in oceanic primary production, global carbon cycling and functioning of the biosphere. Unfortunately, in the oceans, most microbes (> 99%) resist efforts to grow them in pure culture. In consequence, very little is known about their physiology and their role in the environment. These organisms can be categorized into phylotypes using rRNA genes amplified from environmental DNA extracts; however, this does not reveal the physiology, biochemistry or ecological function of uncultured microbes (Giovannoni & Stingl 2005) . Ecological genomics appears to be a new culture-independent tool with which to analyze microbial community structure and function in natural and engineered environments. Microbial communities can be explored by isolating large fragments of DNA directly from the environment, sequencing the fragments and assigning function to the genes based on their similarity to known genes or on functional studies. This process is referred to as community genomics or metagenomics. The recent genomic survey of the Sargasso Sea microbial assemblage is a perfect example. This led to 1.6 billion bp of genome sequence information and about 1.2 million genes identified from the collective microbial assemblage (Tringe et al. 2005) . Such data frequently leads to the discovery of new genes (e.g. photorhodopsin, Béjà et al. 2000) , gene functions, novel metabolic pathways, and other previously unknown properties of micro-organisms. These data can also shed light on physiological properties and ecological functions without consideration of species. Using such an approach, it is also possible to identify the genes and biochemical pathways that differentiate species living in different environments. Microbial genomes are relatively small and allow rapid and relatively inexpensive sequence determination (Béjà 2004 , Steele & Streit 2005 . Cyanobacteria are a good example. They are amongst the most widespread and relevant organisms in marine habitats, and the genus Prochlorococcus has a key role in terms of global primary production (Hess 2004) . The observation of the absence of the nitrate reductase gene from the Prochlorococcus genome changed the way we think about the ecological role of this organism in pelagic systems (García-Fernàndez et al. 2004) . Genome sequencing of several biodegradation-relevant micro-organisms has provided the first wholegenome insights into the genetic background of the metabolic capability and biodegradative versatility of these organisms (Pieper et al. 2004) .
Comprehensive approaches to describe and interpret oceanic microbial diversity and processes are only now emerging. Genomics applied to microbial ecology is significantly expanding our understanding of marine microbial evolution, metabolism and ecology. This new technology is revealing the links between evolutionary, ecological and biogeochemical processes in natural marine microbial communities (DeLong & Karl 2005) . Genomics applied to microbial ecology is a striking example of true and successful marine ecological genomics that enhances our understanding of the living marine system, and that will lead to a new generation of more realistic oceanographic simulations, including improved climate change projections (Doney et al. 2004 ).
Comparing genomes -phylogenomics
Genomics has changed the way we define the term 'species'. Whole genome comparisons (size, G/C content, number of genes, gene distribution, sequence etc.) allow identification of core similarities and differences at each level of complexity. Whole genome comparisons for different strains suggest that polymorphism is common and in some cases reflects adaptability to different habitats. The genomic era is now providing the opportunity for phylogenetics to resolve a number of outstanding evolutionary questions through an increase of resolving power (Delsuc et al. 2005) .
Despite extensive research, high-level phylogenetic relationships amongst animals remain contentious. Studies have been based upon several developmental, morphological and, more recently, molecular tools. Two main hypotheses are proposed ( Fig. 2): (1) the Acoelomata-Pseudocoelomata-Coelomata (A-P-C) hypothesis, supported by morphological and wholegenome studies, divides animals according to the presence/absence of a coelom, lined (or not) by mesoderm; (2) the Lophotrochozoa-Ecdysozoa-Deuterostomia (L-E-D) hypothesis, supported by genetic studies, divides animals into Protostomia-Deuterostomia based From Jones & Blaxter (2005) on origin of the mouth during development and the Lophotrochozoa-Ecdysozoa division of Protostomia based on moulting and presence of a lophophore. The use of molecular tools has resulted in some radical rearrangements of animal phyla. For example, phylogenetic analysis of 18S ribosomal DNA sequences supported the idea of Ecdysozoa (Winnepennincks et al. 1995 , Aguinaldo et al. 1997 , Adoutte et al. 1999 , Peterson & Eernisse 2001 . Nevertheless, analyses of whole genome sequences from a few species support older views (e.g. on human, fly, nematode and yeast by Mushegian et al. 1998 , Blair et al. 2002 , Wolf et al. 2004 ). These multigene analyses covered rather few taxa, and it is well known that the number of species represented in a phylogenic study can induce systematic artefacts on tree reconstruction. For example, genome-scale analyses are especially sensitive to longbranch attraction (Felsenstein 1978) . For these studies, the usual outgroup is yeast, very distantly related to animals and species such as the nematode Caenorhabditis elegans. Here, nematodes move to the base of the tree, generating support for the A-P-C hypothesis (Mushegian et al. 1998 , Blair et al. 2002 , Wolf et al. 2004 . When analyses are set up to avoid long branch attraction, they do not support A-P-C hypothesis but rather L-E-D; for example, analyses of rare insertions and deletions of genomic features in some animal genomes (Roy & Gilbert 2005) or analysis of data from ESTs (see 'Expressed Sequence Tags' below) in addition to complete genome sequences . This last study demonstrated that if only yeast is used as an outgroup, nematodes emerge at the base of the tree. However, by using outgroups closer to animals, nematodes cluster close to arthropods as predicted by the L-E-D hypothesis. This clustering is also improved when biased genes (those with greatest evolutionary rate in some species) are removed. Only 12 of the 35 animal phyla are currently represented in genomic studies and the use of genomics in phylogeny is still at its infancy. More genomes need to be sequenced and new analytical tools (e.g. algorithms and software) should be developed.
EXPRESSED SEQUENCE TAGS (EST) Method
Development of an EST library is often the first step when starting a genomic project on a novel organism. Complete genome sequencing provides information about genome organization and promoter regions etc. It is, however, a major investment and not likely to be applied to the majority of organisms that are subjects for scientific investigation. In contrast, genes of an increasing number of species are being investigated through generation of ESTs (www.ncbi.nlm.nih. gov/dbEST/dbEST_summary.html). ESTs are costeffective and provide a rapid strategy with which to identify genes of the investigated organism. The sequence information contributes to the understanding of the dynamics of genome expression patterns and thereby to the understanding of the biology of the organism. ESTs can be used in expression profiling, evolutionary and taxonomy studies, systematics etc. It is important to remember that these are expressed sequences (RNA) and will vary according to the temporal and spatial (tissue/organ) origin of the cDNA.
ESTs are usually obtained by sequencing clones from a cDNA library and can be assembled into an EST database containing the fragments of the sequenced cDNAs. The cDNA library can be made by the individual researcher or commercially by various companies that offer such services. In most commercial kits for library construction, it is possible to make several libraries using the same kit. Commonly, about 1 g of tissue or 1 mg of total RNA is used for a standard-sized library, a factor important to bear in mind if working with limited amounts of material. A subtraction library can be made by removing identical genes present in 2 libraries from different conditions, and here you produce a library containing genes differentially expressed according to the 2 conditions chosen (for example 2 temperatures, pH etc.). To produce an ordinary but enriched library, it is possible to use organisms from particular environmental conditions in order to enrich transcripts induced by that particular treatment. For example, Kore-eda et al. (2004) analysed the profile of differentially expressed genes of wellwatered and salinity-stressed specimens from the common ice plant Mesembryanthemum crystallinum. The same number (2782) of ESTs from each library (total = 8346 ESTs) were randomly selected and analysed. Their result showed differential expression of known genes related to stress responses, and also of novel and/or functionally unknown genes that may have a novel role in the salinity stress response. A similar approach using a subtractive hybridisation library has been used successfully to analyse hierarchical behaviour in rainbow trout (Sneddon et al. 2005) . A fascinating use of this comparative approach is evident from the work of Kuo et al. (2004) , who constructed 2 complementary DNA (cDNA) libraries from RNA isolated from symbiotic and aposymbiotic Aiptasia pulchella in order to understand algal-cnidarian interactions. Their systematic analysis of these ESTs provides a useful database containing numerous putative candidate genes for further investigations.
Functional annotation of ESTs from ordinary cDNA libraries by basic local alignment search tool (BLAST) comparisons commonly identify unique sequences that share significant similarities to nucleotide or amino acid sequences of genes with known as well as unknown functions. In addition, relatively large numbers of ESTs often do not significantly match any genes in public databases. These may represent previously unidentified genes. Typically, a subsequent clustering analysis will further reveal higher expression of ribosomal genes and genes coding for metabolic pathway proteins, structural proteins, cell cycle proteins and proteins involved in cellular defence and stress responses (Ogasawara et al. 2002 , Hackett et al. 2005 , Watanabe et al. 2005 , Simon et al. 2006 . Genes involved in such processes or other highly expressed genes are likely to appear after sequencing about 1000 clones from a non-normalized cDNA library. Generally, high levels of expression indicate an important function in the organism. It may require more sequencing to obtain low expression genes or genes expressed only in a critical period, for example transcription factors. However, the highly expressed genes involved in energy metabolism, cellular defence and stress responses are important for homeostasis, and are thus potential candidates for sublethal markers against environmental stress and xenobiotics.
Applications
EST data contributes to the understanding of functional genes and gene networks, and has also been used for identification of non-protein coding mRNA with putative functions (Hirsch et al. 2006) . Publicly available ESTs have also been used for subsequent novel phylogenetic analyses for species and groups (see subsection 'Genome sequencing: comparing genomes -phylogenomics'). Analysis of ESTs can also reveal the presence of microsatellite-containing genes, single nucleotide polymorphisms (SNPs), and other populational markers (Chen et al. 2006) . Overall, the cDNA clones and EST sequence information (www.ncbi.nlm.nih.gov) are very useful for postgenomic functional analyses of the biology of the organism and for investigating links between evolution, ecology, physiology, genes and proteins.
Sequence information from an EST database can subsequently be used to quantify mRNA expression in a more focused experiment by gene-specific RT-PCR or other methods such as Northern blotting. In situ hybridization and antibody labelling can also reveal where in the organism the particular genes and proteins are expressed in both tissue sections and in whole animals. Identified genes coding for enzymes can, for example, be tested as putative novel biomarkers useful for simple enzyme activity based assays at the protein level.
The sequences can also be used for subsequent high throughput micro-or macroarray approaches (see subsection 'Microarrays/proteomics'), where clones or synthesized DNA oligos are arrayed for high throughput hybridization. Highly expressed housekeeping genes or structural genes that are likely to be obtained in an EST collection, such as actin ou 18s, can be used as controls in expression experiments. A good example of a study combining ESTs with subsequent expression studies at a smaller scale is that carried out by Gueguen et al. (2003) , who first sequenced 1142 cDNA clones made from an enriched library of hemocytes from bacteria-challenged oysters. After annotating their sequences, they identified 20 genes with putative immune function. Subsequent expression studies of 4 of these genes then revealed that 3 of them were indeed induced by bacteria. In an ecotoxicological study, Nakayama et al. (2006) constructed a DNA oligo array of 1061 sequences using sequence information from an EST collection from the common cormorant. They hybridized this array with cDNA from livers obtained from wild cormorants and could correlate levels of certain environmental contaminants found in the animals with altered expression of P450 and antioxidant enzymes in the liver.
The blue mussel has been widely investigated in biomonitoring programs and recognized as a potential candidate species for marine genomic approaches in ecotoxicology (Wilson et al. 2005 ). An early EST project using multiple tissues from unstressed blue mussels revealed an expression profile and sequence data of known and unknown genes (Venier et al. 2003) , and this information was recently used to design a lowdensity DNA oligo array for stress response detection (Dondero et al. 2006) . Such small arrays may advance the use of genomics in marine biomonitoring.
In conclusion, ESTs provide sequence information useful for phylogenetic studies, population genetics, ecotoxicology, array projects and downstream gene-or protein-specific studies, all very useful for the understanding of the organism in its relationship with the environment. They can also be the starting point for more ambitious genome projects.
MICROARRAYS/PROTEOMICS
Methods
Microarrays
Transcription profiling using microarrays is expected to be the major activity of ecological genomics in the near future. This method allows analyses of the kinds and amounts of mRNA produced by a cell or tissue, and therefore the facility to understand which genes are expressed. This in turn provides insights into how the cell/tissue responds when it grows or multiplies, changes function, or when it is subject to new or unnatural environmental conditions. Gene expression is a highly complex and tightly regulated process that allows a cell to respond dynamically both to environmental stimuli and to its own changing needs. This mechanism acts as both an 'on/off' switch to control which genes are expressed in a cell, and as a 'volume control' that increases or decreases the level of expression of particular genes as necessary. DNA microarray technology, in correlation with genome projects as well as phylogenetic and comparative genomic approaches, may also facilitate the identification and classification of DNA sequence information and the assignment of functions to newly identified genes (Wilson et al. 2006) .
Common to all microarray approaches is the basic principle of complementary base pairing. A microarray operates by exploiting the ability of a given mRNA molecule to bind specifically and non-covalently to, or hybridize to, the DNA template from which it originated. By using a microarray, chip or slide, which consists of respective gene sequences or ESTs that are coated on a solid layer at high density, it is possible to determine, in a single experiment, the expression levels of hundreds or thousands of genes by measuring the amount of mRNA bound to each site on the array. The subsequent use of a computer driven microarray reader enables precise measurement of the amount of mRNA hybridized to the spots on the microarray. This generates a profile of gene expression for a cell or a cell population/tissue that can be used to build a molecular fingerprint. A judgement on the respective genes with regard to expression level is possible for distinct time points or response states. Moreover, besides qualitative assessment, the data also can be evaluated quantitatively, which may be highly relevant to both the ecological or ecotoxicological response of a species and its environmental management. Gene expression profiles thus provide a molecular fingerprint of the transcriptome. To date, ecologists have not used the global-gene expression response pattern per se as a 'signature response pattern' to changing conditions. Nevertheless, transcriptome pattern signatures, as a response to changing physiology, are increasingly used in medicine (in particular for diagnostic purposes), and it is only a matter of time before the approach crosses over to ecology , Selman et al. 2006 .
To fabricate expression microarrays, EST complementary DNA (cDNA), or gene-specific sequences that are synthesized in situ, are spotted at defined positions on a surface (e.g. glass slide, nylon membrane). The mRNAs of interest (samples) and a control mRNA (reference) are then transformed into cDNAs, and each sample and the reference are labelled by different fluorochromes and co-hybridized (Fig. 3) . The detection of the hybridization signals requires a specific microarray scanner connected to a database, which is essen- . Each sample/common reference is then co-hybridised to a microarray replicate, which consists of large numbers of cDNAs/oligonucleotides orderly arranged/spotted onto a glass microscope slide (array spots) (MICROARRAY HY-BRIDIZATION). After co-hybridization of each sample and common reference under stringent conditions on the microarray, a scanner records the emission of the 2 fluorochromes (for each sample-reference pair) for each spot on the microarray after excitation at given wavelengths (IMAGE ACQUISI-TION). The intensity of the fluorescence emission signals on each spot is proportional to transcript levels in the biological samples. For calibration purposes, the ratio of sample to reference emission for each microarray spot is used to compare the 2 (or more) study samples. Microarray data are then analysed using specific software that enables clustering of genes with similar expression patterns, which can be used to establish a differential expression signature for the samples compared (DIFFERENTIAL EXPRESSION). Responses of transcripts in various samples can also be clustered according to their affiliation with a particular intracellular signaling pathway (PATHWAY ANALYSES) or according to their common function (FUNCTIONAL ANALYSES) tial for the analysis of the large amount of data. In addition, various algorithms must be applied to optimize the evaluation of the data. The objective is then to distinguish between random and significant patterns of gene expression among samples. After quality control of the sample and the hybridization comes image processing and the first analytical step to produce a large number of quantified gene expression values. These values represent absolute fluorescence signal intensities as a direct result of hybridization events on the array surface. The data are then normalized to compare the appropriate measured gene expression levels. The expression levels can then be used for several purposes. For example, it is possible to classify genes based on their expression levels in the different responses to the environment (e.g. environmental changes induce a number of genes to increase or decrease their expression) or to classify them in a functional way (e.g. all genes involved in cell membrane transport). Alternatively, if genes that change their expression belong to a biological network or pathway, they may be classified as such (e.g. genes involved in aerobic/anaeorobic cell respiration that change their behavior during anoxic conditions).
Proteomics
As microarrays can be used to assess changes in the transcriptome, proteomics can be used to study the proteome, that is all the proteins that are synthesized by a particular cell at a particular time. The proteome is the protein complement of the genome and the study of proteomics is important because proteins are responsible for both the structure and the functions of all living things, whereas genes are simply the instructions for making proteins. Moreover, the proteome more accurately reflects the response because posttranslational and post-transcriptional modifications as well as phosphorylations etc. can substantially change the nature of the expressed protein product. The set of proteins within a cell varies both from one differentiated cell type to another (e.g. in development) and over time, depending on the activities of the cell (e.g. division during algal cell blooms; repairing damage to DNA when pollutants occur; responding to a newly available nutrient or stress factor when the environment changes; responding to the arrival of a hormone during mating season etc.). In this way, the proteome is a genuine measure of the cell phenotype.
In proteomics, protein mixtures are extracted from cells or tissues that have been exposed to an environmental condition or that represent a temporal or spatial condition (sample). At the same time other 'normal' cells or tissues are used as controls (control). Each type (sample and control) of protein mixture is subsequently subject to 2D gel electrophoresis, which separates the proteins in one dimension by their electrical charge and in the second dimension by their size. The gel is then stained to visualize various protein spots, and spots of sample and control gels are compared to identify differentially expressed proteins. Interesting (i.e. differentially expressed) spots are punched out of the gel, and analyzed. The analysis generally starts with treatment by a protease to digest the protein into a mix of peptides that can be run through a mass spectrometer to separate the peptides into sharply defined peaks. The result is mined against a database of all known proteins (which have been digested with the same enzyme) to see if a match can be found. If no match is found for the digested protein, a mass spectrometer can be used first to randomly break the peptide into a mix of fragments containing 1, 2 etc. amino acids and then to measure the mass of each fragment. The resulting data can be searched against a database that matches the mass data with known pairs, triplets etc. of amino acids. Subsequently overlapping fragments are assembled to reveal the entire sequence of the peptide. This can be searched against a genetic database to find the gene that encodes this particular peptide. In turn, translation of the matching gene reveals the entire sequence of the protein.
Another method frequently used to deliver valuable results for proteomics research is 2D nano-liquid chromatography-mass spectrometry (LC/MS). For instance, it has been used successfully in elucidating the proteome of several organisms (Washburn et al. 2001 , Florens et al. 2002 , Nägele et al. 2004 ).
Applications
DNA microarrays and proteomics have great potential to reveal community dynamics at different levels from individual genes to communities. This will become essential in population genetics and the analysis of biodiversity. These techniques are already being applied to marine ecology.
Large and medium environmental effects
The comprehensive description of transcriptomic responses provides useful information for conservation efforts, because it provides additional tools for early diagnostics. For example, a number of proteomic and genomic studies are underway to develop early markers for toxic algal bloom prediction (Chan et al. 2004 , Lidie et al. 2005 . Biomarkers for pollution in mussels are also being unveiled by proteomics, such as 2D gel electrophoresis for peroxisome proliferation (Mi et al. 2005) or protein chip technology (Knigge et al. 2004 ). For restoration and bioregeneration efforts, genomics can help decipher the metabolic pathways involved in greenhouse gas balance in the ocean, such as those employed by the coccolithophore Emiliania huxleyi, which mediates oceanic and atmospheric carbon cycling (Nguyen et al. 2005 , Dyhrman et al. 2006 , or those used by methane-consuming bacteria (Hallam et al. 2004 ).
Ecotoxicology
By enabling the analysis of chemical effects at the molecular, tissue, and whole organism level, emerging technologies in the areas of genomics, proteomics, and metabolomics are important for the development of streamlined, cost-effective, and comprehensive testing approaches for evaluating environmental hazards. The genomic tools for ecotoxicogenomics have been reviewed by Wilson et al. (2005) , and also recently by Miracle & Ankley (2005) with a particular emphasis on fish testing. Increasingly, more studies are emerging in this field, such as that of the effects of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) exposure on zebrafish caudal fin regeneration (Andreasen et al. 2006) . Proteomics have also been used to follow protein profile alterations after exposure to cadmium in the marine alga Nannochloropsis oculata (Kim et al. 2005 ).
Adaptation and colonization of new habitats
Symbiotic associations are fundamental to the survival of many organisms, their diversity and even colonization of previously inhospitable habitats. Cnidarian-dinoflagellate intracellular symbioses are common mutualisms in the marine environment. They form the trophic and structural foundation of coral reef ecosystems and have played a key role in the radiation and biodiversity of cnidarian species. Proteomic studies to look at the interaction between host and symbiont have already begun (Barneah et al. 2006) , as have systematic analyses of EST and cDNA microarray studies (Kuo et al. 2004 , Rodriguez-Lanetty et al. 2006 ). This should ultimately lead to the discovery and characterization of symbiosis gene markers, which will enable early diagnosis of coral bleaching, a phenomenon that can ultimately lead to coral reef ecosystem breakdown owing to the loss of dinoflagellate symbionts from cnidarian hosts. One marker has currently been developed for the sea anemone Anthopleura elegantissima (Mitchelmore et al. 2002) , but larger screenings will probably identify more.
Molecular responses permitting tolerance to extreme environments are also important to our understanding of how organisms have diversified and adapted. Certain halophilic archaea, for example, can develop anaerobic capabilities when high salt concentrations, elevated temperatures, and high cell densities promoted by aerobic growth and flotation reduce the availability of molecular oxygen. An operon with proteins responsible for and/or induced during anaerobic respiration was found in Halobacterium sp. by using transcriptome analysis as a complement to other methods such as phenotype analysis (Muller & DasSarma 2005) .
The recent completion of several algal genome sequences and EST collections has facilitated functional genomic approaches for algal model systems. Ecological questions such as acquisition of increased metabolic versatility can be answered using these techniques. For example, the thermo-acidophilic unicellular red alga Galdieria sulphuraria can adopt heterotrophic and mixotrophic growth modes on more than 50 different carbon sources, and tolerate hot acidic environments as well as high concentrations of toxic metal ions, suggesting potential applications in bioremediation. To unravel the exceptional metabolic pathways of this organism, Weber et al. (2004) used a comparison between the G. sulphuraria transcriptome and the obligate photoautotrophic red alga Cyanidioschyzon merolae, which has a similar genome size. This study suggested that genes involved in the uptake of reduced carbon compounds and related enzymes were crucial to the metabolic flexibility of G. sulphuraria (Barbier et al. 2005) . Proteomic approaches for dissecting molecular mechanisms of salinity tolerance in algae and higher plants are also in progress (Liska et al. 2004 ).
Ecophysiology and behavioural ecology
Atlantic salmon Salmo salar are known for spectacular marine migrations before homing to spawn in natal rivers. However, many males do not migrate before reproducing. Rather, these so-called 'sneaker' males mature early and reproduce at much smaller sizes than their migratory conspecifics without ever leaving freshwater. Early sexual maturity in salmon is the result of developmental plasticity, because the same genotype can express both types of reproduction tactics depending on the environment. Aubin-Horth et al. (2005) investigated the nature and extent of the coordinated molecular changes that accompany such a fundamental transformation by comparing brain transcriptional profiles of wild, mature sneaker males to age-matched, immature males (future large anadro-mous males) and immature females. Of the ca. 3000 genes surveyed, 15% were differentially expressed in the brains of the 2 male types, and consistent patterns of gene expression were found for individuals of the same reproductive tactic. Notably, gene expression patterns in immature males differed from both immature females and sneakers, indicating that delayed maturation and sea migration by immature males, the 'default' life cycle, may actually result from an active inhibition of development into a sneaker. In this context, it is notable that a salmonid microarray containing cDNAs representing 16006 genes has been developed and assayed for intraspecific variation hybridization studies (von Schalburg et al. 2005) .
A number of organisms change their activities and physiology during the circadian cycle: they emit chemical substances into the environment or bioluminesce, therefore influencing the ecosystem that they are part of. The first hints of temporal control within chloroplast proteins of Arabidopsis thaliana were identified by proteome analysis, and the technology has now been applied to the green alga Chlamydomonas reinhardtii (reviewed by Wagner et al. 2005) , and chronobiological proteome assays have been performed for the dinoflagellate Lingulodinium polyedra (Akimoto et al. 2004 ).
Evolutionary ecological studies
The applications of functional genomics to evolutionary ecological studies have been explored by Feder & Mitchell-Olds (2003) and in the marine field were reviewed by Wilson et al. (2005) , with a special focus on the plastic nature of the genome as seen by wholegenome comparisons. These applications also included assessment of influences on morphology and speciation brought about by variations in Quantitative Trait Loci (QTLs) and/or changes in non-coding regulatory sequences that control the expression of genes in time and space.
Limitations
Transcription profiling and proteomics are not ends in themselves and, for example, although very powerful and extremely useful, microarrays are simply exploratory instruments. This is only touching the surface of what ecological genomics has to offer. To be useful and worthwhile it needs to be grounded in physiological and biochemical knowledge, not to say understanding. It is rather more complicated than genomic analyses because, as noted earlier, a single gene can give rise to a number of different proteins through alternative splicing of the pre-messenger RNAs, RNA editing of the pre-messenger RNAs, and/or post-translational processing such as attachment of carbohydrate residues to form glycoproteins and addition of phosphate groups to some of the amino acids in the protein (Black 2000 , Schmucker et al. 2000 . There is a disparity between mRNA and protein abundance and enzyme activity, supporting the contention that it is difficult to predict protein activity from genomic data such as microarrays or RT-PCR (Glanemann et al. 2003) . Moreover, some evidence suggests that there is no direct correlation between mRNA and protein changes with phenotype and fitness (Jeong et al. 2001 , Giaever et al. 2002 , Carpenter & Sabatini 2004 . These observations are not surprising and can be explained by variability in mRNA stability, translational control, post-translational modifications and regulation of enzyme activity. Moreover, genes physically adjacent in the genome often have similar expression profiles when comparing different environments. Genes present in these expression clusters proved to be no more similar in structure or function than could be expected by chance, and are not expressed because they play a particular role but because a neighbour is expressed (Spellman & Rubin 2002) . In this regard, genomics, transcriptomics and proteomics go hand in hand and perhaps ideally should be used in parallel to study the same processes.
These techniques will certainly play a key role in ecology, but only in combination with other emerging tools used to try to unravel the complex questions surrounding the question of how genomes interact with their environment. A fully detailed picture of the state of any biological system requires knowledge of all its components (i.e. transcriptome, proteome, and metabolome).
BARCODING Method
One of the beneficial side effects of the genomic revolution is that not only has it helped the discovery of sequences of interest for population genetics (microsatellites, SNPs, etc.), but also the identification of species using DNA barcoding. The concept of DNA barcoding has attracted much attention from a wide range of biological disciplines (Lipscomb et al. 2003 , Seberg et al. 2003 , Stoeckle 2003 , Janzen 2004 , Marshall 2005 and offers intriguing perspectives for applications in marine ecology (Schander & Willassen 2005) . The method allows systematic screening of one or several reference genes for as many organisms as is feasible (Hebert et al. 2003) . If assembled into a comprehensive database, these sequences can then be used as refer-ence genes for the identification of species based on sequence comparisons. Large-scale DNA barcoding libraries are already under construction, for example the 'Barcode of Life Data Systems' (BOLD, www.barcodinglife.org) and the 'Consortium for the Barcode Of Life' (CBOL, http://barcoding.si.edu), and proponents of the method envisage that in the future the ability to determine species will no longer depend on the taxonomic expertise of a few specialists. Instead, by simply obtaining a DNA sequence from the organism in question, anybody should be able to determine species identification. The barcoding idea is partly built upon the already common practice of including molecular data in taxonomic studies. Electrophoresis (Thorpe & Ryland 1979) or sequencing of nuclear genes (Floyd et al. 2002) has earlier been used to discriminate between morphologically indistinguishable/identical species. Likewise, in ecological surveys, genetic or proteomic markers have become essential for species determination, as for example in commercially important marine species (López et al. 2002) or toxic strains of algae (Chan et al. 2004 , Lidie et al. 2005 . The novel idea with barcoding sensu-stricto (Hebert et al. 2003) , however, is to find a single marker that is universally applicable to a large group of organisms such as animals or plants, and for which general primers can be used. One of the proposed barcoding genes for metazoans is the mitochondrial gene cytochrome c oxidase subunit 1, also referred to as 'COI' or 'cox1' (Fig. 4) .
Applications
The ecological applications of a universal molecular identification system resulting from a marine barcoding program are vast and would improve the quality of ecological surveys tremendously, in particular in those that contain species difficult to identify. Such species are found everywhere in the marine realm, especially when entering micro-or meiofaunal assemblages. The majority of organisms on earth are microscopic with body sizes <1 mm and, although these play a central role in marine ecosystem function (Blaxter et al. 2005), most them (e.g. nematodes) are as yet undescribed. Also, amongst larger animals, in particular those with few diagnostic features, identification is a complex exercise usually restricted to experts, e.g. platyhelminths, nemerteans, or nematodes. Schander & Willassen (2005) showed that major parts of the faunal composition in marine reports and inventories often remain undetermined. This greatly impairs the comprehensibility of such studies and limits the conclusions that can be drawn.
There are many more potential applications arising from a marine barcoding program. Principally, it should be possible to determine species from all kinds of life-history stages, for example eggs or planktonic larvae. Stomach contents could also be utilised in order to resolve food webs in marine ecosytems. Also, faunal remains on the sea floor may be traced back to their living origins. Moreover, parasitic or other symbiotic relationships can be described (Tops & Okamura 2003) without the need to identify the symbiont visually. It seems there is great potential in characterizing faunal assemblages in such a detailed fashion. Further applications of the method lie in conservation and management efforts, for example in the monitoring of invasive species (DeSalle & Amato 2004) . Dispersal in the marine environment is less hampered by geographical barriers compared with most terrestrial or limnic systems (Palumbi 1992) , and invasive species are becoming an increasingly problematic side effect of globalization (Roman & Palumbi 2004) . Here, barcodes could assist the tracing of invasive species, for example by scanning water samples and screening for the species in question.
Because of high variation at the species level, barcoding genes can also be used for other applications and vice versa. COI for example is a frequently applied marker in phylogeographic and phylogenetic studies. Hence, the genes used for species identification also have the potential to show the presence of cryptic species (Obst et al. 2005 ) and polymorphisms (Eriksson et al. 2006) , describe the population structure within a species (Barber et al. 2002 , Lessios et al. 2003 , and test hypotheses of evolutionary relationships (Sorensen et 267 Fig. 4 . A COI DNA-barcode (below) of the microscopic Cycliophora (above), an enigmatic protostome, so far only described from the mouth appendages of 3 nephropid lobsters (from Obst et al. 2005) al. 2006). Thus, there is great potential for application of a marine barcoding program, and there are many examples of how genomic methods stimulate traditional fields such as taxonomy and ecology as well as training for a new generation of marine biologists with expertise in integrative approaches .
Limitations
Recently, a number of examples have shown the ability of this technique to assign previously unidentified individuals to the right species using COI barcodes of (Hebert et al. 2003 , 2004a , Hogg & Hebert 2004 , Barrett & Hebert 2005 as well as the potential to discover new species (Hebert et al. 2004b , Obst et al. 2005 . However, some principal issues regarding the method remain. For example, a recent study by Meyer & Paulay (2005) showed that the technique is successful only in those cases where the studied taxa are well known beforehand. This study revealed high error rates in the determination of species when the group was little studied. This is certainly the case for most of the biological diversity in the marine realm (May 1988) . Furthermore, barcodes not only vary among but also within each species. This means that in order to reliably assign a sequence to the correct species, any reference library must take into account the entire intra-specific variation of the marker. Practically, this dictates the assortment of many barcodes necessary for each species, e.g. more than 10 sequences from the entire distribution area (Hajibabaei et al. 2005) . Such problems will lead barcoding programs beyond the assembly of sequence information for a large number of organisms. Automatically, any barcoding project will necessitate parallel revisions of the groups under study, e.g. all sequence records need to be linked to voucher specimens that represent a species already described in considerable detail with regard to its taxonomy, morphology, and ecology (Hajibabaei et al. 2005) .
ECOLOGY FEEDBACK TO GENOMICS
The genomics revolution provides some striking new insights for ecological studies. However, genomics is more than a toolbox added to marine ecology. Marine ecological genomics is new discipline merging genomics with marine ecology and leads to new questions independent of both fields. Despite such potential, genomic techniques present some limitations (e.g. see 'Genome sequencing: comparing genomesphylogenomics' and 'Barcoding: limitations') that highlight the parallel importance of traditional taxonomy and ecological approaches.
One interesting example comes from the worm-like marine animal Xenoturbella spp. Even though they are neither parasitic nor microscopic, they lack a throughgut, gonads, coelomic cavities, and a brain. Owing to a simple body plan, their phylogenetic position has long remained puzzling. Based on morphology, they have been suggested to be a primitive flatworm (Westblad 1949) , unique representatives of a plesiomorphic metazoan group (Jagersten 1959) , an enteropneust, holothurian, or unique representatives of a deuterostome group (Reisinger 1960) , a hemichordate (Pedersen & Pedersen 1986 ), an acoel flatworm (Franzen & Afzelius 1987 , Lundin 1998 , 2001 , a primitive metazoan (Ehlers & Sopott-Ehlers 1997 , Raikova et al. 2000 , a bivalve (Israelsson 1997 (Israelsson , 1999 , or a bryozoan (Zrzavy 1998) . This example shows that, even when using rather powerful techniques such as scanning or transmission electron microscopy, morphology alone cannot resolve the phylogenetic position of an animal.
In 1997, a gene sequence analysis of the mitochondrial cox1 gene showed that Xenoturbella spp. are bivalves (Norèn & Jondelius 1997) , solving the problem at last. However, in 2003, Bourlat et al. reported a different sequence of the same cox1 gene from Xenoturbella spp., and suggested that they were deuterostomes. Are Xenoturbella spp. bivalves, or are they deuterostomes? This is a good example of where gene sequence analysis, despite wide acceptance today, is not all-powerful, and cannot alone determine the phylogenetic position of a simple animal. Bourlat et al. (2003) showed that if you extract DNA from the epidermis alone, you obtain mostly deuterostome sequence. This suggests that the molluscan DNA was in the gut and was that of the prey of Xenoturbella spp.. This hypothesis clearly needs to be tested, and it is here that ecological data becomes useful, if not essential. The reported bivalve sequence showed 97.2% homology to Nucula tenuis at the nucleotide level. Through ecological projects such as the national Swedish monitoring program (Agrenius 2003) , it is known that N. tenuis are present in the fjord where Xenoturbella spp. are found. Furthermore, the reported deuterostome sequence shows no match with other deuterostome animals in that area. These ecological and molecular data together support the contention that the bivalve DNA is that of N. tenuis in the area where Xenoturbella spp. feed, and that the deuterostome sequence is the genuine Xenoturbella spp. sequence. An immunohistochemical study has also supported the deuterostome status of Xenoturbella spp. (Stach at al. 2005) . Thus, because the identity question has now gained morphological, gene sequence, and immunohistochemical evidential support together with ecological data, the answer to the long-lasting question has finally been resolved: Xenoturbella spp. are deuterostomes.
Even when not investigating such a complicated example as Xenoturbella spp., it is vital to avoid contamination when applying genomic methods. This includes contamination from prey, parasites, animals attached to your intended animal, or contamination during experimental procedures in the lab. The first 3 factors are especially important when working with non-model organisms collected from nature, and highlights the importance of understanding ecology. Furthermore, there are always possibilities of artefacts, such as the formation of a concatemer of 2 separate genes during gene cloning (Hibino et al. 2004) or incorrect PCR priming (Quist & Chapela 2001 , Metz & Futterer 2002 , Kaplinsky et al. 2002 , so thorough analyses, repeat sequencing and cross-checking are a necessity in genomic studies.
DISCUSSION
Previous ecological molecular studies have focused on limited numbers of genes and gene products. To understand complex life processes, a more integrative approach is necessary and 'approaches similar in spirit to systems biology should ultimately be adopted to enable genomics answers to ecological questions' (Van Straalen & Roelofs 2006) . Recent advances in molecular techniques have made high throughput analyses of genomes, transcriptomes and proteomes possible and with this, ecology has entered a new era. Nevertheless, the incredibly powerful engine called genomics is still in its infancy and its inductive phase. One common criticism of current massive data-collection efforts is that much information, but little knowledge, is accumulating. This descriptive and not hypothesis-driven phase can be a source of impressive data sets and often unexpected information, and new hypotheses may be derived. The next step will be a more integrative approach and hypothesis-driven science. It will allow us to answer deep biological and evolutionary questions linking spatial and temporal considerations with the interaction between genome and the environment. As suggested by James Galagan, 'It's no longer enough to sequence a genome, catalogue the genes and come up with diagrams of signaling and so forth. We're expecting to get much more'.
What kind of evolution can we expect in the near future for marine ecological genomics? (1) At present, there are few sequenced genomes of ecologically relevant species in the marine environment. Technological advances in the near future will allow an increase in the number of these species and allow genome-wide analyses of ecological questions. (2) Metagenomics approaches are particularly promising in ecology, and we can expect reconstruction of complete genomes from large-scale sequencing of the environment. (3) One limitation is that the great majority of genomics studies are conducted in the laboratory (perhaps with the exception of microbial ecology), so analysis performed directly in the field will allow us to answer new questions. (4) We can also expect some development of new methods for data analysis. (5) The study of epigenetic variants in natural populations has little influence in ecology now, but it will eventually have more impact thanks to 'omics' technologies (Van Straalen & Roelofs 2006) . This evolution is also a human challenge. Sequencing and analyzing a genome requires almost as many management skills as scientific ones. It often involves a large number of groups and therefore needs careful coordination (e.g. organization of conferences, workshops) between teams with different skills and goals. Moreover, it is an informatic challenge, and communication is crucial for the establishment of standards, tools and algorithms, for example for the annotation of environmental genomic data. The real challenge for marine ecological genomics is the creation of sufficiently large but effective collaborative networks around key model species. Some networks are already devoted to the development, utilization, and spreading of 'omics' approaches for the investigation of the biology and ecology of marine organisms. A marine genomics project is a functional genomics initiative developed in the USA to provide a pipeline for the curation of ESTs and gene expression microarray data for marine organisms (46000 ESTs from 19 species in the database; see www.marinegenomics.org). It has provided a clearing-house for marine-specific EST and microarray data available online (McKillen et al. 2005) . In Europe, the Network of Excellence 'Marine Genomics Europe' (MGE; see www.marine-genomicseurope.org) is a major new enterprise funded by the European Community, comprising 44 laboratories and standing the crossroads between life sciences, ecology, environment, bioinformatics and high technologies within a multicultural European environment. MGE is devoted to the development, utilization, and spreading of high-throughput approaches for the investigation of the biology marine organisms. Uniquely, it has enabled the integration of a hitherto fragmented set of highlevel expert groups to come together, share skills, state-of-the-art platforms and ambition. Benefits include large-scale sequencing projects, phylogenetic analyses, and the application of genomics technologies to functional, comparative, and environmental issues in marine biology. Thus, while marine ecological genomics is not completely beyond the reach of individuals, there are clear advantages to be gained from formal, or informal, consortia brought together to solve common issues and shared ideals. The increasing need for multidisciplinarity, combined with the costs of capital equipment and associated resources, makes such networks an important component for the future development of marine genomics, not least by providing opportunities for training the next generation of scientists and enabling the creation of sustainable collaborations.
